We measured the in vivo production of RNA molecules tagged with MS2d-GFP in Escherichia coli, driven by the lar promoter, under weak and medium induction. The distributions of intervals between consecutive productions of RNAs are found to be sub-exponential, and the process of RNA production is found to be sub-Poissonian. We discuss possible models of transcription initiation and, based on our results and previous in vitro measurements, find that a sequential two-step model of transcription initiation at the promoter region explains well the results.
Introduction
In Escherichia coli, fluctuations in messenger RNA (mRNA) levels have several sources [1, 2, 3, 4] , including stochastic events in transcription initiation [5, 6] and elongation [7] . To better understand the dynamics of transcription, including initiation, we need to observe the production of mRNAs, one at a time, in live cells.
Transcription in E. coli starts when the RNA polymerase (RNAP) binds to a promoter [8] . After escaping the promoter, the RNAP elongates the RNA as it moves along the DNA. At the termination sequence, the RNAP and a single-stranded RNA are released. Evidence suggests that initiation is particularly complex, consisting of a sequence of events that can take non-negligible time to be completed once initiated [9] . This process includes DNA bending and loading in the active site of RNAP, DNA opening (during which the RNAP places itself in the start site and loads the nucleotide strand), assembly of the clamp/jaw on downstream DNA, and initial RNA synthesis [10] .
Several studies have focused on the kinetics of transcription initiation, making use of in vitro measurements [11, 9, 12, 13, 14] . The results suggest the existence of at least two rate limiting steps in initiation, generally named the closed and open complex formation [9] , and in certain conditions, such as at low temperatures, of a third step [12] . The kinetics of these events differ between promoters, even when the sequences only differ slightly [14] . A recent analysis of the kinetics of promoter-RNAP interactions during initiation of three promoters in Mycobacterium smegmatis showed that they have similar equilibrium binding affinity to the RNAP, but the kinetics of open complex formation, isomerization, and clearance are different [15] . The changes in kinetics with induction also differ between promoters, implying different modes of regulation [9] .
The real-time expression of a strongly repressed lac promoter was recently monitored in vivo with single-protein resolution in E. coli [4] . It was found that the proteins are produced in bursts, with the distribution of the number of bursts per cell cycle fitting a Poisson distribution, each burst corresponding to one RNA molecule [4] . The intervals between transcription events appear to follow an exponential distribution suggesting that in this promoter there is only one rate limiting step. A more recent work reported the mRNA Fano factors (variance over the mean) for 137 highly expressed genes in E. coli [16] . These Fano factors ranged from 1 to 3, centered at around 1.5, indicating super-Poissonian mRNA production dynamics or complex kinetics in the process of RNA degradation.
Also recently, the copy number statistics of mRNA from 20 E. coli promoters were reported, using single-molecule fluorescence in situ hybridization [17] . To explain the observed diversity in mRNA numbers, the authors suggest the existence of an on-off mechanism of transcriptional activity, similar to a model proposed and theoretically assessed in [18] .
Several mechanisms, even unrelated to the process of transcription, can affect cell to cell diversity in RNA numbers. For example, mechanisms associated to mRNA degradation [19] and stochastic RNA partitioning during cell division [20, 21] may play an important role in cell to cell diversity in RNA numbers. The latter mechanism may enhance mRNA cell to cell diversity significantly [20, 22] , particularly due to recent evidence for spatial organization of RNA molecules in bacteria [23] .
Given all of the above and the present methods of in vivo detection of RNA and proteins, the best means to characterize the in vivo kinetics of transcript production is by measuring time intervals between the production of consecutive RNA molecules. This is possible using the MS2-GFP tagging method of RNA molecules, which makes the tagged RNAs become visible shortly after the elongation process begins [24] . Further, it was shown that individual transcription events are detectable with this method and that the behavior is similar to that of a unlabeled system [24, 3] .
Here, we used the MS2-GFP tagging method to measure in vivo the intervals between productions of consecutive RNA molecules under the control of the lar promoter (P lar , also named P lac/ara ), under weak and medium induction. From these measurements, we characterize the in vivo kinetics of transcript production under the control of this promoter. This characterization innovates in that it is independent from events that may occur to the tagged RNA molecules following their production.
Methods
The method of RNA detection in E. coli DH5α-PRO [24] uses the bacteriophage MS2 coat protein's ability to bind specific RNA sequences. It allows detecting single RNA transcripts with 96 tandem repeats of MS2 binding sites for MS2d fused to GFPmut3 [3] . The controlled expression of two genetic constructs is used: a medium-copy vector expressing MS2d-GFP, whose promoter is P tetO 1 , and a single copy F-based vector, with P lar controlling production of the target transcript, mRFP1 followed by 96 MS2 binding sites. Constructs were generously provided by I. Golding (University of Illinois). Using this method, individual transcripts are detectable during, or moments after, the elongation process [24] .
The activity of P lar is regulated by the repressor protein LacI and the inducers IPTG and L-arabinose. IPTG binds to LacI, causing a conformational change in LacI, resulting in the protein falling off the promoter and thus allowing transcription. AraC can also bind the promoter region. Subsequently, AraC can be bound by arabinose, which increases the affinity of RNAP to the promoter region binding, promoting transcription [13] . In vitro studies of the kinetics of initiation of P lar indicate that IPTG decreases the expected time for a closed complex to form by two orders of magnitude [14] . Arabinose was found to have intricate effects in multiple stages of transcription initiation [14] , suggesting that at least two of the steps might be affected, namely, the closed and open complex formations can change by one to two orders of magnitude [14] .
Cells with MS2d-GFP and transcript target plasmids were grown overnight at 37
• C with the appropriate antibiotics. To induce production of MS2d-GFP, 100 ng/mL of anhydrotetracycline was added to the diluted culture. Cells were subsequently incubated at 37
• C for 1 h with shaking to a final optical density (600 nm) of around 0.4. Following induction of the RNA target by IPTG and L-arabinose, cells were placed on a microscopic slide between a cover slip and 0.8% LB-agarose gel pad set.
Cells were visualized by fluorescence confocal microscopy. Images were taken from each slide, approximately 7 minutes after induction, one per minute, for two hours (photo bleaching and nutrient depletion become significant beyond this). During this observation, cells are at room temperature. Under maximum induction (1 mM IPTG, 0.1% arabinose), cells produced, on average, 4 RNA/h (as reported in [3] ). To study the dynamics of transcripts production, in one case we induced the cells with 5% of these concentrations (weak induction), and in another with 15% (medium induction).
Cells were detected from images using a semi-automatic method. First, a mask is manually added over the region that the cell occupies during the time series. Principal component analysis is then used to obtain the dimensions and orientation of the cells from the intensity inside this mask. The spots are detected within the masks using kernel density estimation [25] with Gaussian kernel and Otsu's thresholding [26] . From this, we compute the background-subtracted total spot intensity per cell. The mRNA numbers are derived from this time trace by monotone piecewise-constant least squares fit, with a constraint that the number of spots is smaller or equal to the number of mRNAs in the cell. The number of terms in the piecewise function is selected using F-test (i.e. a higher order curve must fit significantly better to justify its usage) with p-value 0.01. From this curve, the time intervals of productions of RNA molecules can be determined. The distributions of intervals between consecutive production events for weak and for medium induction were generated from multiple cells. See figure 1 for examples of intermediate results of this procedure. In supplementary material we provide full series of temporal images of three cells. Also shown in the images is the time (seconds) when each image was obtained, following the induction by IPTG.
Results
We measured the in vivo dynamics of RNA production of P lar for weak and medium induction. Under weak induction, each cell produced 0.7 RNA/h on average. Under medium induction, the average was 1.7 RNA/h. As noted, we also measured expression under maximum induction, and in this regime cells produced 4 RNA/h on average. The change in the rate of mRNA production with induction was confirmed by QPCR. From the isolated RNA, complementary DNA was prepared and used for gene expression analysis. 16S rRNA was used as internal control. The Livak method [27] was used to confirm the change in gene expression rate (data not shown).
The distributions of intervals between productions of consecutive transcripts, for weak and medium induction of P lar are shown in figure 2. Each interval is the time between the moments that two consecutive RNAs are first observed. These distributions are obtained by imaging the cells, once every minute, under the confocal microscopy. In this setting, we were unable to observe the full induction level as in the liquid culture (4 RNA/h), and thus opted not to study time series in this regime.
Along with the distributions of time intervals we also show, for comparison, exponential distributions with the same means as the measured ones. The measured distributions appear to differ significantly from the exponential fits (see figure 2) . Interestingly, they exhibit significantly lower variance in the time intervals than what would be expected if the process of RNA production was Poissonian.
Next, we studied how the shapes of these distributions affect cell to cell diversity in number of RNA molecules produced over time. We compared our measurements of mean and variance of number of RNAs produced over time with the expected mean and variance if the distributions of intervals were exponential-like (in which case the RNA variance would equal the mean). Figure 3 shows that the measured variance in numbers of RNAs produced over time is much smaller than if the production of transcripts was a Poisson-like process, in the regimes of weak and medium inductions.
Recent studies of bacterial transcription dynamics have explained results on measurements of cell to cell diversity in RNA numbers under the control of several promoters by the existence of an on-off mechanism in transcription initiation [3, 17] . In this model, the promoter transits stochastically between on-and off-states and can only express when in the on-state [18] . This model cannot explain the observations reported here, since it implies that the distribution of time intervals between consecutive productions would have high variance (i.e., standard deviation greater than the mean), causing the RNA numbers in individual cells to have super-Poissonian statistics.
The measured distributions of intervals between consecutive transcripts can be explained by transcription initiation being a multi-step process with two or more sequential steps, or by the existence of events in elongation, prior to the RNA becoming visible, that significantly affect the intervals between productions of RNAs. The latter explanation can be ruled out as follows. While the mean interval between productions is of the order of 10 3 s, elongation only takes tens of seconds (two orders of magnitude smaller). Events such as long transcriptional pauses during elongation can also be . In (a) the measured rate of production was 0.7 RNA/cell/hour (data from 136 cells). In (b) the measured rate of production was 1.7 RNA/cell/hour (data from 40 cells). Also shown are the expected mean and variance if the intervals between production events followed exponential distributions with the same rates as in the measurements.
ruled out as possible causes since they last 10-100 s [28] . Moreover, the tagged RNA molecules are visible even while elongating [24] , further diminishing any effects of events in elongation in the measured distributions. Nevertheless, the elongation process may increase the variance of the distributions, but cannot affect the mean. Finally, the eventuality of possible premature terminations can also be ruled out as an explanation for our observations, since they would generate distributions with multiple peaks, centered on multiples of the mean interval between productions. A model of sequential transcription initiation has been proposed previously based on several studies of promoter kinetics from in vitro measurements (see, e.g., [12, 9, 14] ). According to these studies, bacterial transcription initiation is a multi-step process involving diffusion of the RNAP on the template and conformational changes [29, 10] . It starts with the finding of DNA template by a RNAP and its diffusion along the template.
Once finding a transcription start site [15] , it forms a closed complex, and goes through several isomerization steps, until completing the formation of the open complex. After that, it starts the process of elongation, clearing the promoter region [30] . Repressor and activator molecules affect the kinetics of RNA production by affecting the kinetics of one or more of the steps described above [9] ). The concentration of certain metabolites (e.g. Mg 2+ [9] ) can also affect this kinetics. So far, these results lack validation from in vivo studies. A sequential process of transcription initiation can be described as follows:
where P is a promoter region, R is the RNAP, I i is the promoter-RNAP complex at different stages of initiation, and E C is the elongation complex. Note that the binding and unbinding of the repressors and activators is not modeled explicitly in (1) . Instead, in the model depicted by (1), the effect of repressors and activators is accounted for in the durations of each step (determined by the rate of each of the steps). In most cases, the step whose rate is most affected by the concentration of repressors is the first one, because most repressors act by interfering with the ability of RNAP of reaching the transcription start site [9] . On the other hand, activators have, in general, more complex effects, such as facilitating the formation of the open complex by acting on one or several of the isomerization steps [9] or by hampering the activity of a repressor.
By assuming such a model with each step exponentially distributed in duration, and that the concentration of RNAPs available is high (implying that the variations in RNAP numbers do not affect the first reaction), it is possible to estimate the rate parameters in maximum likelihood sense. This involves fitting the measured production intervals distribution to a sum of n independent exponentially distributed variates with possibly unequal means. Note that, from this fit, it is impossible to determine the temporal order of the steps from the fit.
The results of this fit are shown in figure 4 , where it is visible that the threestep model fits well the experimental observations, whereas the single exponential distributions did not (see figure 2) . We tried fitting distributions with increasing number of exponentials. Adding more than three steps into the model did not significantly increased the goodness of fit. Finally, note that the third step is very short in duration for both inducer concentrations (around 100 s), and thus likely negligible given the accuracy of the measurements.
Conclusions
From in vivo measurements of time intervals between productions of consecutive RNA molecules in E. coli cells under the control of the lar promoter under weak and medium induction, we found that the distributions of intervals are not exponential-like. The results suggest that, for the lar promoter, the production of RNA molecules is a subPoissonian process. Recent works have reported cell to cell diversity in RNA numbers with single molecule resolution. In one work, the mRNA Fano factors were reported for 137 highly expressed genes in E. coli, ranging from 1 to 3 [16] . The authors suggest either superPoissonian mRNA production or degradation as explanations [16] . Another recent work reported the copy number statistics of mRNA from 20 E. coli promoters using singlemolecule fluorescence in situ hybridization (FISH) [17] . To explain the observed diversity in mRNA numbers, the authors hypothesize the existence of an on-off mechanism of transcriptional activity similar to a model proposed in [18] . Again, as in [16] , the underlying cause could also be non-Poissonian degradation or another mechanism.
Much study is still needed on the sources of cell to cell diversity in RNA numbers. For example, variations in the efficiency of translation initiation are known to affect strongly the chemical and functional lifetimes of the mRNA in E. coli [19] , but their role in cell to cell variability remains unknown. Also, evidence supports the existence of several bet hedging strategies in prokaryotes that involve biased partitioning of molecules such as nutrients, protein aggregates, and unwanted substances [31, 32, 33] . A few recent works have suggested that cell division is a source of mRNA copy number variation even if the partitioning is not biased. In [20, 21] it was mathematically demonstrated that stochastic, unbiased partitioning of RNA and proteins in cell division contributes to the variance of these molecules in a population. However, it is still uncertain if the partitioning of these molecules is subject to any means of internal control. A recent study [22] showed, from measurements of RNA numbers with single molecule results and numerical simulations, that provided a bias in the partitioning of RNA molecules, this mechanism can generate considerable cell to cell variability, and explain the observed diversity in RNA measurements from population level observations such as in [16, 17] .
Relevantly, our measurements are in agreement with in vitro measurements for the same promoter regarding the number and duration of rate limiting steps in transcription [14] . Similar in vitro measurements for others promoters further suggest the existence of a sequential process in initiation, usually with two to three rate limiting steps [9, 13, 14] . In the light of these studies, we hypothesize that the two larger steps obtained from the fitting of the three-step model correspond to the steps of closed and open complex formation, while the shortest step inferred is negligible. This would imply that, in vivo for the lar promoter, the mean duration of these steps are in the order of 1200 and 640 seconds for weak and medium induction.
From our results, it is possible to rule out the on-off model as a means to explain the observations of the kinetics of transcription of the lar promoter. Such a model would imply a much higher diversity in the distributions of intervals between transcription events than the ones observed here. On the other hand, while the observed kinetics of RNA production could be explained by the kinetics of the closed and open complex formation as proposed in [9, 14] , we cannot rule out other possible underlying mechanisms responsible for the observed kinetics. For example, we cannot rule out the existence of a refractory period between transcription initiations similar to what has been observed in eukaryotic cells [34, 35] . Moreover, there is no evidence that durations of open and closed complex formation are necessarily exponential, which could lead a single duration to be split up to multiple exponentials obtained.
In conclusion, we found that the kinetics of RNA production under the control of the lar promoter is sub-Poissonian. The results are well fit by a sequential mechanism of transcription initiation. This mechanism may be used in bacteria to limit the variability in RNA numbers of, particularly, weakly expressed genes. Relevantly, these results are not affected by possible mechanisms acting on RNA numbers following their production. Thus, the findings may aid in a better understanding of the in vivo kinetics of transcription initiation. Finally, provided the verification of the existence of these rate limiting steps in transcription initiation in more promoters, it will be of great interest to study their effects on the dynamics of small genetic circuits, as they are likely to be of significance [36, 37] .
